The thermoplastic forming process of a bulk metallic glass (BMG) is simulated using commercial software DEFORM 3D and verified by hot-embossing experiment in this study. The fabrication process of micro-electro-mechanical systems (MEMS) includes a photoresist reflow technique, and Nickle-Cobalt (Ni-Co) electroplating to fabricate a first mold. Then, this mold is applied to hot emboss on an Mg-Cu-Y amorphous alloy to form a secondary mold. The thermal properties of the BMG material such as the glass transition temperature (T g ) and the onset temperature (T onset ) for the viscous flow are investigated using a differential scanning calorimetry (DSC) and a thermomechanical analyzer (TMA). The T g of BMG is around 413 K (140
Introduction
A bulk metallic glass (BMG) is referred to as an amorphous metallic alloy that can be formed into bulk specimens with a minimum diameter greater than 1 mm. The material shows very high strength at room temperature and excellent viscous flow property at temperatures between the glass transition temperature (T g ) and crystallization temperature (T x ). In recent years, micro-lens array has been attracting much attention for a variety of applications. Both higher accuracy and lower cost of micro-lens fabrication methods are needed to meet the rapid growth of commercial devices. It is an important issue to make a highly accurate and strong mold to replicate micro-lens array. The selection of the BMG is based on the fact that amorphous alloys contain no dislocation that can be responsible for yielding in crystalline materials, and are therefore expected to be strong and hard [1] [2] [3] [4] [5] [6] . The range of possible sizes in all three dimensions of this technology allows the replication of high strength features ranging from about 30 nm to centimeter with aspect ratios of 20 to 1, which are homogeneous and isotropic and free of stresses and porosity [7] . Also, Sharma et al [8] observed that the glassy alloy thin films can be patterned in the nanoscale range by superplastic forming under very low stresses. The films of the glassy alloy deposited on a silicon substrate show very good adhesion to silicon and high corrosion resistance in the KOH.
Chang et al [1] explored the fundamental physical properties of the good glass forming Mg 58 Cu 31 Y 11 BMGs, and searched the optimum conditions for viscous flow for superplastic forming. It is known that BMG alloys can exhibit not only the unique physical properties such as excellent elasticity and strength, but also the significant plasticity occurred in the supercooled liquid region, ( T x = T x − T g ), due to a drastic drop in viscosity during glass transition upon heating [9] . Several researchers have reported mechanical properties by uniaxial tensile testing [5, 10, 11] and uniaxial compression testing [1, 3, 6, 12, 13] . The Mg-Cu-Y-based system exhibited reasonably good glass forming ability (GFA) with a wide supercooled liquid region before crystallization [14] .
There have been numerous studies on the fabrication of BMGs.
Several kinds of BMGs were welded to BMGs or crystalline metals by liquid-phase welding using explosion, pulse-current and electron-beam methods and by supercooled liquid-phase welding using the friction method [15] [16] [17] [18] . Turning [19] and drilling [20] were also tested and characterized.
However, there was little study on simulation and experiment of the hot-embossing process of the BMG material. Saotome et al [21] used the imprint process to fabricate nanopatterns on the silicon wafer. With that die, they examined the nano-forming ability of a Pd-based amorphous alloy. Chu et al [22] reported the fabrication of a silicon-based grating die to imprint on a Pd 40 Ni 40 P 20 BMG plate, and then replicated on a polymer.
The objective of this study is to fabricate gapless hexagonal micro-lens array with a high fill factor by this new embossing process. The previous study has reported a LIGAlike fabrication of gapless hexagonal micro-lens array [23] . Currently, the thermoplastic forming process of Mg 58 Cu 31 Y 11 BMG is predicted by commercial software DEFORM 3D and compared with hot-embossing experimental results. In addition, the GFA and coefficient of thermal expansion are discussed for the stability of a focal length when used as a reflector or a light enhancer etc. A conceptual approach to evaluate GFA for various glass-forming systems has been proposed from a physical metallurgy point of view. It was found that the GFA for noncrystalline materials was related mainly to two factors, i.e., 1/(T g + T l ) and T x (wherein T l is the liquidus temperature) and could be predicated by a unified parameter γ defined as T x /(T g + T l ) [24, 25] . This approach was confirmed and validated by experimental data in various glass-forming systems including oxide glasses, cryoprotectants and metallic glasses. It is worth saying that at a temperature above T g , the thermal expansion of the soft viscous glass (probably in the order of ∼10 −4 m mK −1 [26] ) is expected to be overshadowed by the large viscous compressive strain ranging from 1% to 25%. A Ni-Co mold of gapless hexagonal micro-lens array is prepared and applied to hot emboss on the Mg-based BMG material. Before the hot-embossing process, the thermo-mechanical properties of the Mg-based Mg 58 Cu 31 Y 11 system are investigated using a DSC and a TMA. Based on the thermal properties, the hot-embossing process is applied to transfer patterns on the BMG. The schematic illustration of the hot-embossing experiment is shown in figure 1 . The working temperature for the superplastic microforming is the one close to the T g around 413 K. It shows experimentally that the working temperature is dependent on the applied stress level. Since the BMG material has superplastic property at the supercooled liquid region, it can be easily formed by the master die. After cooling, the material has very high mechanical strength for functional applications. The simulated result of the hot-embossing feasibility and the degree of forming ability of the BMG are compared with experimental one and discussed.
Simulation and preparation
The Mg 58 Cu 31 Y 11 BMGs in the rod form with a diameter of 4 mm were prepared by a copper mold injection casting technique, through the induction melting of pure Mg and pre-alloyed Cu-Y ingots in an argon atmosphere. The basic thermal properties were first measured in a continuous heating mode by differential scanning calorimetry (DSC, TA Instruments DSC 2920) and a thermomechanical analyzer (TMA, Perkin Elmer Diamond). The applied heating rate was 10 K min In the supercooled liquid region T between the T g and the T x temperature, figure 2, shows the temperature dependence of the relative displacement of the bulk amorphous Mg 58 Cu 31 Y 11 alloys obtained by TMA operated in the compression mode at various stress levels and a fixed heating rate of 10 K min figure 2 show that different pressure levels make different relationships between the stain and temperature. Furthermore, the crystallization of the BMG during thermoplastic forming has to be avoided since the desired BMG properties are lost, and it can not be any longer formed [27] . Simulation by DEFORM 3D is used to predict the thermoplastic forming behavior of BMG.
Experimental details

Fabrication of the Ni-Co mold
A four-inch silicon wafer substrate was prepared for the lithographic process including the Radio Corporation of America (RCA) process and dehydration baking etc; first, the wafer was sent for Hexamethyldisilazane (HDMS ) priming and spin coating with photoresist AZ4620. The spin rate was set at 1100 rpm for 25 s. The final thickness of 25 µm was obtained. The silicon substrate was sent to the mask aligner to be exposed for about 40 s after soft baking at 85
• C. The dosage of the exposure was 380 mJ. After developing, the column array on the silicon substrate was defined. And then, this structure was heated to a temperature above the photoresist glass temperature. The photoresist columns were melted and the photoresist profile changed into a spherical shape (reflow process). The original column array was changed into the halfspherical micro-lens array. After the half-spherical micro-lens array was completed, Ni-thin film was sputtered on the halfspherical structure surface served as a seed layer. Then the Ni-Co electroplating was used to form the Ni-Co concave mold. Next, a passivation method was applied to its surface. The Ni-Co electroplating was applied again to form its convex mold, which served as the first hot-embossing mold. 
Hot embossing
The Ni-Co mold is used to transfer the hexagonal micro-lens on the Mg 58 Cu 31 Y 11 alloy. The glass transition temperature of the BMG is around 413 K. The hot-embossing temperature experiment is set at 423 K. A hot-embossing system with lowpressure facility is set up for the embossing experiments. In this hot-embossing system, a spring plate for the low-pressure embossing system is developed and illustrated schematically in figure 4 . The spring plate provides much lower range of pressure levels, about several hundred Pa-kPa than that of the oil hydraulic plate system which provides large embossing pressure up to several MPa. The reason is that the BMG only requires a much lower pressure level for the embossing process. The deformability under different pressure levels is explored by comparing with the simulated results.
Results and discussions
A large dimension of gapless hexagonal micro-lens array has been successfully fabricated out using the Ni-Co electroplating process. A Ni-Co mold with a gapless hexagonal micro-lens array 14 µm in height and 330 µm in diameter of an inscribed circle is designed for the hotembossing simulation and experiment. The reason why it is designed at such a large dimension is that the forming ability and viscous flow can be enhanced and observed clearly. The experimental result is shown in figure 5 . The T g of Mg 58 Cu 31 Y 11 BMG is about 140
• C (413 K). Therefore, a temperature of 150
• C is chosen for the hotembossing experiment and simulation. The forming velocity of the top die is set to be low in order to explore the minimum applied pressure for the hot-embossing process. The embossing pressure and displacement (or embossed depth) versus embossing time are simulated as shown in figure 6(a) . From figure 6 (a), it shows a trend that a higher embossing pressure is corresponding to a larger embossing displacement of the micro-lens. Furthermore, with increasing the embossing displacement of the micro-lens mold, the embossing pressure is reaching 6 Pa in 300 s. It means that the pattern is gradually defined to form a gapless hexagonal micro-lens array. Strainrate as a function of time is shown in figure 6(b) . The strain rate of micro-lens in the width direction (x direction; see figure 3 ) increases and decreases with the forming depth, but the strain rate of the micro-lens in the depth direction (z direction) is only changing slightly. It is because the deformation in the width direction is faster than that in the depth direction, causing that the width direction residual material becomes faster than that in the depth direction. The strain rates of the micro-lens in both directions tend toward 'zero' with increasing in the embossing time.
In the forming process within 300 s, the BMG can be formed at a low-pressure level, in the neighborhood of 1 Pa-6 Pa. The simulated results suggest that the Mg 58 Cu 31 Y 11 BMG can be formed slightly at the first 60 s with a low pressure. Since the embossed strain is rather low, the pattern is too obscure to identify as shown in figure 7(a) . The simulated result reveals that the embossed patterns are not well defined. Moreover, the experimental results of the embossing depth of the micro-lens for every 60 s in 240 s at a low-pressure level is shown in figure 7(b) , and compared with the simulation as shown in figure 7 (c). It shows that the embossing depth of the micro-lens is changing more and more with increasing time, which can be observed clearly both in the simulated and experimental results. The simulated and experimental results in figure 7(c) reveal the embossed patterns for the initial stage of the hot embossing. To complete a well-defined hexagonal micro-lens array, it requires much higher pressure for the hotembossing process.
The experimental and simulated results with a higher hotembossing pressure level are shown in figure 8 . It shows those experimental and simulated results with different pressures, 200, 300 and 400 kPa at the same forming temperature of 150
• C and the same duration time of 60 s. In order to show the identified patterns of simulated images clearly, 3D isogonal views are added, respectively. The forming time of 60 s is set for the simulation and experiment. In the experiment, it shows that the deformations in the width direction (x direction) under different embossing pressure levels of 200, 300 and 400 kPa are about 306.53, 320.16 and 328.33 µm, respectively. The deformations in the depth direction (z direction) are 12.07, 13.173 and 13.858 µm, respectively. In the simulation and experiment, the patterns can be almost defined in these three pressure levels. Obviously, the deformation under a higher embossing pressure of 400 kPa is better defined than those of the others, in which the profiles and lines of micro-lens can be observed more clearly. Figure 9 shows a relationship between embossed depth and pressure. The hot-embossing depth of BMG under 400 kPa is obviously deeper than those of the others. It also reveals that the relationship between the embossing time and displacement of the micro-lens is approximately linear. The result reveals that the pressure level of 400 kPa is enough to replicate a micro-lens array. The result is consistent with that shown in figure 2, which exhibits a larger strain at a larger pressure level. However, when the embossing time is too long, the BMG material may be crystallized. Thus, the forming time of 60 s is set at this experiment. It shows that a larger deformation is produced when a higher pressure is exerted. In 60 s of simulation, the simulated embossed depths of the BMG under 200, 300 and 400 kPa are about 11.716, 12.635 and 13.384 µm, respectively. On the other hand, the experimental embossed depths of the BMG under 200, 300 and 400 kPa are about 12.07, 13.173 and 13.858 µm, respectively. When 400 kPa is applied, the depth approaches the depth of 14 µm of the Ni-Co mold as shown in figure 5 . Figure 10 is a scanning electron microscopy (SEM) picture of an embossed BMG sample using the spring plate system. It can be seen that there are indented marks on the surface of a micro-lens. It is because that before the embossing process, there are some marks on the surface of a BMG raw material, which is produced during its manufacturing process. These marks were present on the BMG raw material prior to hot-embossing process. Since the BMG raw material is manufactured using metallic mold casting method, the viscous flow of the BMG material causes some marks. Besides, the wear cavity of the Ni-Co mold can transfer some marks to BMG during hot-embossing process. As figure 8 shows, the larger the pressure applied in the embossing experiment, the higher the forming degree of the BMG material achieved. Thus, when a higher pressure is applied, a high transferability can be obtained. The result also indicates that a micro-lens produced using a low-pressure level reveals more indented marks left behind than that using a high-pressure level. It explains that a larger pressure condition produces a better formability, and a relatively precise and smooth replica can be obtained. On the other hand, as surface roughness is important for optical components; therefore, the roughness is measured and observed by a nano-indenter system (Nano Indenter XP System, from MTS inc.). By this system, four different points from the center to the perimeter of a micro-lens (see figure 10 ) are scanned. The roughness can be observed in the scanned images.
Lu et al [24, 25] presented an approach to evaluate GFA for various glass-forming metallic glasses by a unified parameter γ defined as T x /(T g + T l ). The γ value of the Mg 58 Cu 31 
) is 0.410, having a good GFA. Besides, the coefficient of thermal expansion (α) of the Mg 58 Cu 31 Y 11 BMG is an important issue when it is used for an optical material.
According to the thermal linear expanded model,
where L is the length, i.e., diameter, aperture radius, or curvature radius of optical lens, etc, T is the room temperature, T is the difference in temperature and α is the thermal expansion coefficient.
For the Mg 58 Cu 31 Y 11 BMG, below the glass transition temperature, T g , a linear thermal expansion coefficient (α) of (3 ± 1) × 10 −6 m mK −1 is obtained [1] . This can be compared with the α = 26 × 10 −6 m mK −1 for the pure Mg, 6 × 10 −6 m mK −1 for the crystalline Mg 2 Cu intermetallic phase, and for quartz (common standard optical material) 5.5 × 10 −7 m mK −1 . The optical and mechanical properties are built up in table 1 for comparison between BMG and PMMA.
Above T g , significant viscous deformation occurred as a result of applied compressive load, and the deformation strain increases with increasing applied load. Such a high level of induced displacements (or strains) as shown in figure 2 cannot be regarded any longer as the linear thermal expansion, because the alloy readily deformed by the compressive load from the probe at temperatures above T g . At a temperature above T g , the thermal expansion of the soft viscous glass (in the order of ∼10 −4 m mK −1 [26] ) is expected to be overshadowed by the large viscous compressive strain ranging from 1% to 25%. Therefore, when working temperature is greater than T g , the BMG-based lens loses its accuracy in dimension and fails its optical function. It follows from what has been said that L (T + T) below or above T g of the Mg 58 Cu 31 Y 11 BMG can be calculated by equation (1) . Also, the curvature radius (R) of micro-lens on the Mg 58 Cu 31 Y 11 BMG is 1303 µm at room temperature, and the focal length () is about 651.5 µm. In addition, the focal length of the BMG-based micro-lens can be calculated as 651.57-651.63 and 659.64 µm at 348 K (below T g ) and 423 K (above T g ), respectively. Therefore, the stability of focal length can be estimated when used as reflector or light enhancer etc.
The surface profiles of the micro-lens in its original convex Ni-Co mold, embossed concave the Mg-based BMG, and the final embossed convex PMMA are shown in figure 11, respectively. Note that the profile of the concave BMG has been reversed for the sake of comparison. The original convex Ni-Co mold is 184.68 µm in width. This concave BMG mold is 183.56 µm in width and the roughness is less than 30 nm. Finally, the convex PMMA micro-lens is 183.44 µm in width and the roughness is also less than 30 nm. The shrinkage rate between the Ni-Co and BMG molds is 0.61%, whereas the shrinkage rate between the BMG and PMMA molds is 0.06%. The data are averages for a number of measurements.
Conclusion
The emergence of synthetic BMGs as a prominent class of functional and structural materials with a unique combination of properties has prompted new interest in gaining an understanding of noncrystalline matter in general. Until now, many types of noncrystalline materials, such as halide glasses, cryoprotective glasses, ceramic glasses, etc, have been successfully developed and commercialized for engineering applications utilizing their exceptional properties in areas including biology, communication technology, electronics, optical, etc. For optical application, integrated micro-lens array provides interesting applications for various fields. The major purpose is to enhance the brightness of illumination and simplify the light guide module construction. This study presents a new process to fabricate micro-lens arrays. The working temperature for embossing is around 423 K. The maximum engineering strains L max /L 0 occurring in the supercooled liquid region reaches 6.63%, 18.72% and 23.08% under the applied compressive load of 7.1, 117.8 and 318.5 kPa, respectively. The Ni-Co mold with an inscribed circle (330 µm in diameter) has been successfully fabricated out using the electroplating process. Excellent replicated patterns can be obtained using a larger applied pressure level. The result reveals that a pressure level of 400 kPa and forming time of 1 min are better parameters to replicate a micro-lens array than the others. When high pressure is applied, high transferability of micro-lens can be achieved. The result also indicates that a micro-lens using a low-pressure level reveals more indented marks left behind than that using a high-pressure level. It is noted that the longer the holding time is, the better the surface quality is. The forming pressure of the PMMA is much higher than that of Mg 58 Cu 31 Y 11 material. It means that Mg 58 Cu 31 Y 11 is a more deformable material than PMMA. The shrinkage rate between the Ni-Co and BMG molds is 0.61%, whereas the shrinkage rate between the BMG and PMMA molds is 0.06%.
